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Abstract
If the origin of neutrino masses is due to physics at the TeV scale, it would be of tremendous interest 
since it can be probed using ongoing collider as well as low energy rare process searches. So, a key question 
is: could the new physics behind neutrino masses be near the TeV scale? In this brief overview, I present 
arguments in favor of this possibility by presenting the example of TeV scale left–right symmetric models 
(LRSM) for neutrino mass based on type I seesaw paradigm. A particular issue with understanding the 
small neutrino masses in TeV scale LRSM is to understand the suppression of type II seesaw contribution 
to neutrino masses, which a priori could be much larger than desired. I discuss how using either D-parity 
breaking or by using supersymmetry, one can suppress these contributions to the desired level in a natural 
way. Experimental probes of this hypothesis are briefly touched upon. Constraints of supersymmetry and 
that of successful leptogenesis on the left–right scale are also emphasized. The former provides an upper 
limit and the latter, a lower limit on mWR .
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction
The neutrino oscillation experiments, celebrated by this year’s Nobel prize, have unambigu-
ously established over the past decade and half that neutrinos have tiny but non-zero masses as 
well as nontrivial mixings between different flavors. They have provided the first unambiguous 
evidence for physics beyond the standard model (SM) which predicts that neutrino masses van-
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been clarified by the discovery of the Higgs boson, an important question is whether there are 
new Higgs bosons and new fermions (and new forces) associated with understanding the origin 
of neutrino masses. As a starting point of this discussion, note that if we simply add three right 
handed neutrinos to the SM, one can write a Yukawa coupling of the form Lν,Y = hνL¯H˜νR
which via the SM Higgs vev can give a mass to neutrinos of magnitude mν = hν < H 0 >. How-
ever, since < H 0 >  173 GeV, to get sub-eV neutrino masses, we need to have hν  10−12, an 
“unnaturally” small number. So the strong suspicion among theorists is that there is some new 
physics beyond the standard model and new Higgs fields beyond the 125 GeV SM Higgs that are 
responsible for neutrino masses. The question then is at what scale this new physics manifests 
itself and can we test it experimentally. The goal of this article is to make a case that the origin of 
neutrino masses could be due to new physics at the multi-TeV scale and that there exists a natu-
ral class of TeV scale models for neutrino masses which can be probed at the LHC, the planned 
proton–proton collider at 100 TeV as well as low energy rare process search experiments such as 
μ → e + γ and neutrinoless double beta decay.
The class of models, we focus on, is based on the simple paradigm of (type-I) seesaw mech-
anism [1] where the right handed neutrinos alluded to above have a heavy Majorana mass in 
addition to having a Yukawa coupling like all charged fermions. Neutrinos being electrically 
neutral allows for this possibility and it is not unreasonable to suspect that this also might be at 
the root of such diverse mass and mixing patterns for leptons compared to quarks. The crux of 
this physics is the seesaw mass matrix with the generic form in the (νL, NR) space:(
0 mD
mTD MN
)
(1)
where mD mixes the ν and N states and is generated by the SM Higgs vev and MN is the 
Majorana mass for N which embodies the new neutrino mass physics. For three generations of 
fermions, both mD and MN are 3 × 3 matrices. The mass of the light neutrinos is then given by 
the symbolic seesaw formula:
Mν  −mDM−1N mTD, (2)
which also generates a mixing between the heavy (N ) and the light neutrino (ν) again given 
by ∼mD/MN ≡ VN . The “unnaturalness” of the Yukawa couplings alluded to above are now 
considerably ameliorated due to two features of the formula above: first, it is the square of the 
Yukawa coupling hν that is present in the formula and secondly there is a heavy mass MN in the 
denominator.
Clearly for a more fundamental understanding of the seesaw formula, one may ask the ques-
tion: “Are the RH neutrinos N and their Majorana mass MN , the seesaw scale put in by hand or 
is there a compelling theory that explains their origin in a natural manner?” Recall that these are 
the two key new ingredients in seesaw beyond the SM physics and their fundamental understand-
ing would be a key step forward into the domain of Beyond the Standard Model (BSM) physics. 
Two immediate theories that present themselves and were discussed before the seesaw mecha-
nism was suggested, are: (i) an SO(10) grand unified theory that has a 16 dimensional spinor 
representation that, in addition to containing the fifteen standard model fermions, has room for 
just one more neutral fermion which can be identified with the right handed neutrino; and (ii) the 
left–right symmetric (LRSM) extension of the standard model which was proposed to explain 
the parity violation observed in weak processes to be truly a low energy phenomenon that will 
disappear at higher energies [2]. In the LRSM, the right handed neutrino appears as the parity 
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the seesaw scale is near ∼1014 GeV, which is close to and connected to the scale where all forces 
unify the GUT scale MU . The high scale however has the disadvantage that the neutrino seesaw 
related new physics is well hidden from low energy and collider probes and the model is therefore 
virtually untestable. While this may well turn out to be the way nature operates, it behooves us 
to consider the second possibility where the seesaw scale which can be identified with the scale 
of the SU(2)R gauge symmetry breaking. Since there are no a priori arguments which constrain 
this scale to be super high, it can be assumed to be in the TeV range and neutrino related new 
physics e.g. new gauge bosons, new Higgs bosons could all be in the TeV range making them 
accessible to collider and low energy probes and possibly testable in near future. This TeV scale 
theory is the one that we will explore in this article.
While this article focuses on type I TeV scale LR seesaw, there is another interesting alterna-
tive for TeV LR seesaw if small neutrino masses arise from the inverse seesaw [3] mechanism, 
which can be embedded into grand unified theories [4]. There have been extensive investigation 
of this class of models [5] and we do not discuss them here.
This paper is organized as follows: in sec. 2, I present then outline of the TeV scale model 
i.e. its particle content, symmetry breaking and Yukawa couplings in the lepton sector; in sec. 3, 
I discuss how type II contributions [6] are suppressed in the model; in sec. 4, I present the outline 
of the scenario that gives naturally small neutrino mass without necessarily using tiny Yukawa 
couplings; in sec. 5, I discuss the important limits (both lower and upper) from phenomenology 
as well as theory; in sec. 6, I discuss the experimental tests of the model.
2. The basic ingredients of LRSM
The left–right symmetric models are based on the gauge group SU(2)L × SU(2)R ×
U(1)B−L [2], where the right handed fermions uR , dR , eR , νR , which were SU(2)L singlets 
in the SM, are now assigned in a parity symmetric way to the right handed doublets of SU(2)R
as follows:
QL,R =
(
u
d
)
L,R
; L,R =
(
ν
e
)
L,R
. (3)
The right handed neutrinos are therefore a necessary part of the model and do not have to be 
added in an ad hoc manner just to implement the seesaw mechanism, as already noted. An im-
portant point is that the right handed neutrinos acquire a Majorana mass as soon as the SU(2)R
symmetry is broken at scale vR . This is quite analogous to the way the charged fermions get 
mass as soon as the standard model gauge symmetry SU(2)L is broken.
The SU(2)R breaking necessarily requires that there must be new Higgs bosons in addition 
to the 125 GeV Higgs boson discovered at the LHC. The minimal required Higgs sector of the 
model consists of the following multiplets [7]:
R ≡
(
+R/
√
2 ++R
0R −+R/
√
2
)
;φ ≡
(
φ01 φ
+
2
φ−1 φ
0
2
)
. (4)
The gauge symmetry SU(2)R × U(1)B−L is broken by the vacuum expectation value of 
〈0R〉 = vR to the group U(1)Y of the standard model. There is also a left handed counter part to 
R , usually called L. We do not consider this field here for two reasons. There are versions of 
the model where parity and SU(2)R gauge symmetry scales are decoupled so that L fields are 
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the presence of the L field in the TeV scale model generates a type II seesaw contribution to 
the neutrino masses which is large requiring fine tuning to understand neutrino masses; the de-
coupling of L fields avoids this problem and provides a natural way to realize the type I seesaw 
for neutrino masses. The vev of the φ field given by < φ > = diag(κ, κ ′) breaks the SM gauge 
group to U(1)em.
To see how the fermions get their masses and how seesaw mechanism arises, we write down 
the Yukawa Lagrangian of the parity symmetric version of the model with one bi-doublet:
LY = h,ij L¯iφRj + h˜,ij L¯i φ˜Rj + hq,ij Q¯LiφQRj + h˜q,ij Q¯Li φ˜QR,j
+ f,ij (LiLjL +RiRjR)+ h.c. (5)
where i, j stand for generations and a for labeling Higgs bi-doublets and φ˜ = τ2φ∗τ2 and the 
coupling RRR is defined as RRR ≡ RTa ıτ2RRb (τ2 is one of the Pauli matrices) and simi-
larly for LLL. We will drop the L coupling in subsequent sections since we will work in the 
version where it decouples in the low energy theory due to D-parity breaking.
After symmetry breaking, the quark and charged lepton masses are given by the generic for-
mula Mf = hκ + h˜κ ′ for up quarks and for down quarks and charged leptons, it is the same 
formula with κ and κ ′ interchanged. The above Yukawa Lagrangian leads to Dirac mass matrix 
for neutrinos mD = hκ + h˜κ ′ and the Majorana mass matrix or the heavy right handed neutri-
nos (N ) f vR which goes into Eq. (1) for calculating the neutrino mass and heavy–light neutrino 
mixing. It is also important to point out that due to the U(1)B−L part of the gauge symmetry [9], 
the Majorana mass of the right handed neutrino is connected to parity violation in nature, mak-
ing connection with the original derivation of V-A theory using γ5 invariance of leptonic weak 
interaction for massless neutrino [10].
3. Neutrino mass and type I vs type II seesaw
It has been noted before [11] that the analysis of the minima of the most general Higgs po-
tential with the above fields leads to < 0R > = vR and < 0L > = vL ≡ γ κ
2
λvR
where γ and λ
are Higgs self-couplings in the potential. The vL arises from the terms in the potential of the 
form γ Tr(φRφ††L). The first vev vR term contributes to the heavy Majorana mass for N
whereas vL contributes to the light Majorana mass an amount fvL. Note that vL ≤ 1 GeV from 
electroweak precision measurements. The latter is the so-called type II seesaw [6]. Clearly for 
TeV vR , unless γ ∼ 10−10 or so, the neutrino mass generated by the type II seesaw contribu-
tion is incompatible with oscillation data for TeV seesaw scale. Note of course that if f  1
(say ∼10−10), in principle, one could have type II seesaw to dominate. We will not consider 
this possibility since, as eluded to in the introduction, our goal is to avoid tiny numbers like this 
from our model. It is therefore desirable to seek ways by which the type II seesaw contribution 
becomes naturally small without having to fine tune the scalar couplings. There are two ways 
that this can happen: (a) by decoupling parity and SU(2)R scales and (b) by making the model 
supersymmetric. These two strategies are described below.
3.1. Decoupling parity and SU(2)R scales
The left–right models have two new symmetry ingredients over the standard model: (i) there 
is a new SU(2)R group and (ii) there is a new discrete symmetry P which makes the left and 
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right SU(2) gauge couplings equal. As it was pointed out in Ref. [8], the idea here is to introduce 
a real parity odd singlet scalar field into the Higgs sector and give a vev MP to break parity while 
keeping the gauge symmetry SU(2)R unbroken. This can be done in such a way that the L field 
becomes much heavier and decouples from the low energy spectrum of the theory and thereby 
effectively suppressing vL by an amount v2R/M
2
P , where MP is the scale at which parity (also 
called D-parity for SO(10) models) is broken and MP  vR . This makes the type II contribution
to neutrino masses negligible and allows the type I term to dominate.
3.2. Supersymmetric LRSM
An alternative way to suppress the type II contribution without giving up low energy parity 
symmetry is to consider the supersymmetric version of the minimal LRSM discussed above and 
keep only renormalizable terms in the superpotential. Since the superpotential must be holomor-
phic, terms such as γ Tr(φRφ††L) are absent and in fact there is no mutually coupled terms 
between φ and ’s. As a result, at the tree level vL is not induced. At the one loop level, the 
graph in Fig. 1, induces a term of the form Tr(φRφ††L) in the scalar potential with a coeffi-
cient γ ∼ h2τ f 2τ M2S16π22 , leading to a small induced vL given by:
vL ∼ h
2
τ f
2
τ MSκ
2
16π2v2R
∼ 10−9 GeV (6)
where MS is the SUSY breaking scale. This is of order eV scale and can be smaller than the 
type I contribution without arbitrary fine tuning, even though the vR ∼ few TeV.
4. Details of model for type I fit to neutrino oscillation parameters
Having established that there are at least two reasonable ways to suppress the type II contribu-
tion to neutrino masses in the TeV scale model, we note that there are several ways to understand 
eV scale neutrino masses in TeV LR models from the type I contribution: (i) one can simply 
choose hν ∼ he ∼ 10−5.5 or (ii) one may use some symmetry so that in the symmetry limit the 
leading contribution from type I seesaw vanishes [12] i.e. M0DM−1R M0TD = 0. Here we give an 
example that uses the second strategy. The mass matrices that use this strategy in the context of 
SM seesaw were discussed in [12]. Recently, we discuss the embedding of one such texture in 
the L–R model using an appropriate family symmetry [13]. The symmetry must not only guar-
antee the special leptonic textures but also must be free of light scalar bosons which can result 
if the effect of the discrete symmetry is to automatically lead to a U(1) symmetry. Moreover in 
LRSM, the charged-lepton mass matrix M is related to mD which puts additional constraints on 
phenomenological viability of the model. Therefore, we find it remarkable that the model pre-
sented below remains a viable TeV-scale L–R type-I seesaw model for neutrinos, and as a result, 
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The discrete symmetry assignments for the fermion and 
Higgs fields in our L–R model that lead naturally to the 
special Dirac and Majorana textures given in Eq. (1).
Field Z4 × Z4 ×Z4 transformation
L1,2,3 (1,1,1)
R1 (−i,1,1)
R2 (1,−i,1)
R3 (1,1,−i)
φ1 (−i,1,1)
φ2 (1, i,1)
φ3 (1,1, i)
R,1 (i, i,1)
R,2 (1,1,−1)
has interesting phenomenological implications beyond the minimal LRSM that could provide 
observable signals for TeV scale seesaw. The Dirac and Majorana mass matrices MD and MN 
considered here have the following form:
MD =
⎛
⎝m1 δ1 1m2 δ2 2
m3 δ3 3
⎞
⎠ ;MN =
⎛
⎝ δM M 0M 0 0
0 0 M2
⎞
⎠ (7)
with i, δi  mi and δM  Mi . In the limit of i, δi, δM → 0, the neutrino masses vanish. The 
light neutrino masses given by the seesaw formula (1) become proportional to either i , δi or 
their products. If the smallness of δi and i can be guaranteed by some symmetry, then we have 
a “natural” TeV-scale seesaw model with tiny neutrino masses. As we show below, the mass 
textures in the above equation can be successfully embedded into the L–R framework, while 
satisfying all current experimental constraints [13]. Note that the choice of texture for the RH 
neutrino mass matrix in the above equation is also necessary to keep the model compatible with 
strong bounds from tree-level μ → 3e decay as well as other rate charged lepton decays via 
TeV-scale R exchange.
In order to obtain the special Dirac and Majorana textures given in Eq. (7), we supplement 
the L–R gauge group SU(2)L × SU(2)R ×U(1)B−L with a global discrete symmetry D ≡ Z4 ×
Z4 ×Z4. For the Higgs sector, we choose three bi-doublets (φ1,2,3) with B −L = 0 and two RH 
triplets (R,1,2) with B −L = 2. The fermion and Higgs multiplets are assigned the D quantum 
numbers as shown in Table 1. The leptonic part of the Yukawa Lagrangian (3) invariant under 
the D-symmetry is given by
Ll,Y = haL¯aφ˜1R1 + ha2L¯aφ2R2 + ha3L¯aφ3R3 + f12R1R2R,1 + f33R3R3R,2 + H.c.
(8)
In the symmetry limit, the VEVs of φ1,2,3 have the form < φa > = diag(κa, 0). This is because 
the terms of the form Tr(φ˜†aφb) which would change the φ VEV to the form diag(κa, κ ′a) are 
forbidden by the D-symmetry from appearing in the scalar potential. Thus in the symmetry limit, 
the MD elements in one column are big and non-zero, and the charged lepton mass matrix has 
one eigenvalue zero which can be identified as the electron flavor. The RH neutrino Majorana 
mass matrix has the form in Eq. (4) with Mν = 0. To make the model realistic, we add small soft 
symmetry-breaking terms of the form δV = μ2 Tr(φ˜†aφb) + H.c. to the scalar potential. This ab
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appropriately small μ2ab, we can get very small κ
′
a as required to satisfy the neutrino oscillation 
data. Such symmetry breaking terms can be induced in UV complete theories where the quark 
sector has the right property, an example of which is given in Ref. [14].
5. Constraints on TeV scale left–right model for neutrinos
In this section, we summarize constraints on the scale of left–right symmetry from low en-
ergy processes such as flavor changing neutral current effects, leptogenesis and supersymmetry 
embedding.
5.1. FCNC constraints on SU(2)R scale
In the TeV scale left–right model there are new contributions to FCNC processes such as 
KL − KS mass difference, B–B¯ mixing, CP violation in kaon decay from both WR exchange 
diagrams at one loop level as well as from the tree level neutral Higgs exchange. Most recent 
analysis of these constraints have been in Ref. [15] and we refer the reader to those papers 
for details. To summarize the results here in brief, the constraints on MWR depend on the way 
parity is implemented in the model and the lowest lower bound from the above considerations is: 
MWR ≥ 2.5 TeV if gL = gR and the bound scales with the value of gR . In this connection, it may 
be worth noting that recent fits to the observed excesses at 2 TeV by both the ATLAS and CMS 
groups [16] require that gR < gL.
5.2. Constraints of supersymmetry on MWR
When this minimal LR model is embedded into supersymmetry, the holomorphy of the super-
potential imposes new upper bounds on the MWR . The reason for this is that the global minimum 
of the SUSYLR model breaks electric charge due to the fact that the D-term always vanishes 
for the electric charge violating configuration < 0R > =
(
0 vR
vR 0
)
[17]. However, once one 
loop terms are taken into account, the charge conserving minimum becomes lower provided WR
mass has an upper limit depending on the value of the SUSY breaking scale. For instance, a one 
loop calculation [18] using SARAH package [19], this bound is found to be MWR ≤ 7 TeV for 
Msusy = 5 TeV [19].
5.3. Leptogenesis constraints on WR mass
One of the attractive consequences of seesaw mechanism is that it allows for right handed 
neutrino decays in combination with leptonic CP violation to explain the origin of matter–anti-
matter asymmetry [20]. An important question then is whether in a TeV scale left–right seesaw 
model leptogenesis works. This was discussed in two recent papers [21,14]. It turns out that due 
to constraints of strong washout, there is a lower limit on the mass of the WR boson above which 
lepton asymmetry generated by the decay of right handed neutrino gets washed out by WR me-
diated scattering processes that violate lepton number. For a generic left–right model, this issue 
was investigated in Ref. [21] and it was shown the lower limit on WR mass for leptogenesis to 
work is 18 TeV. This issue was subsequently reanalyzed in realistic models with neutrino fits 
and it was shown that this bound can be substantially lowered to ∼10 TeV. All these results are 
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discovered below 10 TeV. Note that, in the case of inverse seesaw TeV scale left–right models, 
these bounds get even lowered to TeV scale.
6. Experimental implications
The TeV scale left–right seesaw model has a number experimentally testable implications. 
Here I give a brief glimpse of those consequences. This is by no means exhaustive and many 
important works have not been cited due to lack of space.
6.1. Collider signatures of TeV scale LR seesaw
There exist limits on the parameters of seesaw i.e. MN and VN from various low energy 
experiments and e+e− colliders [22]. It is clear from [22] that limits on these parameters for 
MN ≥ 100 GeV are very weak. Using the LHC Higgs data, these considerations have been ex-
tended to MN ≤ 140 GeV several years ago [23]. Broadly speaking in the post-100 GeV range 
for MN , the limits on VN , the heavy–light mixing parameter are at the level of 10−2 or so. One 
can in principle search for the signals of seesaw at the LHC and future colliders [24].
As far as collider tests of SM-seesaw is concerned, we need combination of the Majorana 
mass MN as well as VN which gives the smoking gun signal of same-sign di-leptons plus two 
jets without missing energy (±±jj ) [25], for TeV to sub-TeV MN and VN ≥ 0.01. This signal 
depends crucially on the heavy–light neutrino mixings and can effectively probe only the heavy 
neutrino masses MN up to 300 GeV. It must be stressed that any positive signal would not only 
signify the Majorana character of the heavy sub-TeV neutrino N but also the detailed structure 
of mD . To repeat, in generic (“vanilla”) seesaw, we expect the heavy–light mixing VN ∼
√
mν
MN
to be rather tiny for TeV MN and current upper limits on mν ≤ 0.1 eV from cosmological con-
siderations e.g. Planck and WMAP. Only if the Dirac matrix mD has specific forms [12] can VN
be significant enough to have observable collider signals..
In contrast with SM-seesaw case, in the LR symmetric embedding of TeV seesaw, the pres-
ence of right handed gauge interactions as well as the seesaw generated mixing between the 
heavy and light neutrinos lead via WR production to significant signal strength for the ±±jj
channel. The WR exchange as was first pointed in [25] very early on after the seesaw mechanism 
was first proposed and more recently, the second mechanism which combines VR and WR was 
pointed out [26]. A crucial prediction of type I seesaw is that the number of same sign di-leptons 
must be equal to the number of opposite sign ones. If there is a difference between same and 
unlike sign di-leptons, it might signal an underlying inverse seesaw [27].
Important for the collider discussion is the relative values of the WR and N masses. There 
are theoretical arguments based on vacuum stability which suggest that the heavy neutrinos in 
the minimal left–right seesaw models are lighter than the right handed gauge bosons [28] for 
a large range of parameters of the minimal LR model. We will therefore consider this mass 
ordering in this paper, although going beyond minimal version, one could avoid this restriction. 
It is also worth pointing out that for TeV scale left–right leptogenesis to work, we must have 
MN < MWR [29]. First implication of this is that for a right handed gauge boson (WR) masses 
below 5–6 TeV, when it can be produced at the 14-TeV LHC with a decent cross section, its decay 
to the on-shell heavy RH neutrinos will allow a probe of its mixing with the light neutrinos for a 
wider mass range of up to a few TeVs from a study of di-leptons plus two jet final states. These 
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the invariant mass distributions, as has been noted recently [30]. For a sizable fraction of the 
allowed parameter space, the heavy–light mixing contribution can indeed dominate. Using this 
information, in combination with the existing experimental bounds, constraints on the mixing 
parameter that go into seesaw mechanism i.e. VN can be substantially improved with 14 TeV 
LHC. This will further elucidate the details of seesaw formula. We close this subsection by noting 
that at LHC 14, the WR reach is 5–6 TeV whereas at the future 100 TeV collider, the reach via 
the eejj channel can be up to 30 TeV [31].
On the collider front, another striking feature of the minimal seesaw left–right models is the 
existence of doubly charged Higgs fields ++R , which can be pair produced in pp colliders leading 
to four lepton final states. There have been extensive theoretical analysis of these processes [32]
and there have also been LHC searches for this particle in specific lepton flavor channels. Current 
LHC limits on these particles are at the level of 400 GeV for particular channels. There are also 
a plethora of new neutral and singly charged Higgs bosons in the LR model that can be probed 
with 100 TeV collider [33].
6.2. Lepton Flavor Violation consequences
In the TeV scale LR seesaw models, lepton flavor violation receives new contributions not 
present in the SM-seesaw model. In the SM-seesaw model, the only class of graphs that lead to 
enhanced LFV signal (e.g. in μ → e+ γ process) arise from heavy–light mixing in second order 
and involve the WL exchange. This contribution has been calculated most recently in [34] in cases 
where mD has special forms and shown that lead to large VN and it has been noted that B(μ →
e+γ ) in this case can be as large as 10−13 for MN ≤ 200 GeV, whereas B(τ → μ +γ ) can be as 
large 10−9. All these are in the observable range of current and planned experiments. However, 
as the MN increases, these effects go down as its fourth power and become unobservable.
In the generic left–right models, in addition to the heavy–light mixing contribution as in SM 
seesaw case, new contributions to B(μ → e + γ ) can arise from new sources depending on 
the details of the model. One contribution characteristic of LR models is that arising from the 
WR −N virtual state in the loop as was noted in [35]. This scales like M−8WR . The branching ratio 
from this source is given by [35]:
Bμ→e+γ  3α32π
(
MWL
MWR
)8(
sRcR
M22 −M21
M2WL
)2
(9)
where sR , cR are the mixings in the right handed charged leptonic current–WR interaction. The 
interesting aspect of this contribution is that it only depends on the mixings in the right handed 
charged current interaction with WR in a manner analogous to the well known GIM mechanism 
of standard model and can be used to constrain model parameters such as MN and MWR . In 
particular, for maximal θR , when Bμ→e+γ is searched down to 10−16 level, it can probe MWR up 
to 30 TeV. Thus if there are no flavor symmetries endowing special structure to the right handed 
neutrino mass matrix, this can be a potent way to throw light on this class of TeV seesaw models.
Other contributions to LFV processes such as μ → e+ γ in LR models, come from the scalar 
sector of the model involving ++R fields in the loop [36].
B++μ→e+γ 
2αm4W
3πg4
[
(ff †)12
M2
]2
(10)++
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implies a lower bound on M++ ≥ 1.7 TeV for right handed charged current mixing ∼0.01. 
In the model described above, where all right handed neutrino masses and mixing angles are 
fixed by the neutrino mass fit, we estimate this contribution to Bμ→e+γ to be ∼3 × 10−15 for 
M++ ∼ 1 TeV for MWR ∼ 5 TeV.
Turning now to another LFV process μ → 3e, again there are several other contributions e.g. 
(i) a photon mediated one loop graph that μ → e + γ with a virtual γ , (ii) loop box graphs with 
WR and N virtual states and (iii) a tree level graph involving the exchange of ++R states. The 
generic formula for the doubly charged boson mediated graph is given by [37]
Bμ→3e  12
(
mW
MWR
)4⎛⎝MN,12MN,11
M2
++R
⎞
⎠
2
(11)
Since in specific models such as the one discussed here, the neutrino mass fit fixes all the param-
eters of the model except MWR and M++ , for MWR = 3 TeV and M++R = 1 TeV, we predict 
B(μ → 3e)  3 × 10−13, only a factor of 3 smaller than the current upper bound.
6.3. Implications for neutrino-less double beta decay
In this section, we discuss tests of the TeV LR seesaw model in neutrinoless double beta decay 
process. Since in LR-seesaw models both the light (νe) and heavy neutrinos (N ) are Majorana 
fermions, they break lepton number by two units and lead to nuclear processes such as (A, Z) →
(A, Z+2) +e− +e− where no neutrinos are emitted. The first contribution to this process comes 
from the well known light neutrino exchange and the amplitude Aββ0ν is proportional to G2Fmνe . 
The heavy neutrino contribution on the other hand, is given by ∼G2F
(
mW
MWR
)4 1
MN
[38]. There are 
also other contributions of similar order of magnitude coming from ++R exchange [39]. Current 
limits on this process already constrain the parameter space of this model and imply
M
1/4
N MWR ≥ 1.1 × 104(GeV)5/4 (12)
Similarly Tello et al. [37] derive the following lower bound on the mass of ++R from Aββ0ν
limits to be:
M++R
≥ 500
(
3.5 TeV
MWR
)2
×
√
MN
3 TeV
(13)
As the search for ββ0ν decay becomes more and more sensitive, it will probe a wider range 
parameters of the TeV LR seesaw model. Lack of observation of ββ0ν decay however cannot 
rule out TeV LR models since it turns out that for particular structure of the RH neutrino mass 
matrix, as in the model discussed here, ββ0ν process can be highly suppressed while the WR
mass is still in the TeV range.
6.4. Enhanced reach for WR mass for sub-GeV right handed neutrino masses
It has been recently pointed out that [40] if the right handed neutrinos are in the sub-GeV 
mass range, they can be produced in beam dump experiments such as the planned SHIP experi-
R.N. Mohapatra / Nuclear Physics B 908 (2016) 423–435 433ment [41]. While this is theoretically a very improbable range in this class of models, it may be 
possible in other realizations of left–right symmetry and should be investigated.
There are also other tests for TeV left–right seesaw using displaced vertices at LHC [42] for 
lower mass range of the right handed neutrinos (MN ≤ 100 GeV) and for MWR in the 4–4.5 TeV 
range.
7. Summary
In this article, we have presented a brief overview of a class of TeV scale theories for neutrino 
masses based on the left–right extension of the standard model, originally proposed to understand 
observed parity violation in weak interactions as a low energy phenomenon. We discuss how 
type I seesaw can dominate the neutrino masses in this case and provide a glimpse of different 
low energy and collider tests of this model. Evidence for left–right symmetry at the TeV scale 
will revolutionize our thinking about the nature of unification of forces and matter as well as 
provide crucial insight into how the matter–anti-matter asymmetry in the universe emerged from 
a symmetric big bang early universe.
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